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natural convecticn heat transfer fim an electrically heated 
roughened inclined plate (650 X 310 X 12 mni) facing upwards Vif's been 
studied* An integral method analysis of the problem has been sufple- 
mented by an experimental investigation* Based on the experimental 
data a natural convectim heat transfer correlation for the 3 ?oughened 
inclined plates facing upwards has been developed j vdiich is 

Hii = 0.105 (Ba cosO)®*^^ 

Augpsntation to the free cccnrective heat transfer due to surface 
roug hne ss in the present investigation, is found to be of the order 
of 35 percent* 

The study also includes the use of schlieren apparatus for 
flew visuaUzaticn purposes* Schlieren photograph show the boundary 
layer build up* The boundary layer is seen to increase in all the eases 
studied, frcm the leading edge to the trailing edge.However,for the sama pitch 
to height ratio of the roughness and the tQnperatu 3 ?e ,the boundary layer 
thi c kne ss is seen to decrease with the increase in height of rcughness. 



CHAPEER 1 


1.1 imODUCTIOH 

Eree or natu3ral ccsnvection is the mode of heat transfer iSiat 
occurs -vshen a body is placed in a still fluid at a temperature diffe- 
rent from that of the body. As a result of the teaperature difference 
density dianges take place in the medium surrounding the body. IThe 
fluid starts to flow due to the buoyancy forces created by density 
gradients. In Ihe forced ccawection heat transfer, however, the flow 
is imposed and maintained mechanically by means of a pump, a compressor 
or a blower. 

Heat trarafer due to free caovection plays an important role 
in many practical engineerirg applications. Pree convection heat 
losses are commonly encountered in situations like pipes ca3n?3ring 
heated fluids, walls and ceilings of buildings, steam radiators, 
evaporators, condensors and other bodies placed in a quiescent ataos- 
jiiere at a temperature above or below that of the bodies concerned. 
Cooling of structural parts in propulsion systems like gas turbine 
blades, rocket nozzles and combustion chamber walls is also achieved 
by free convection flows vtiich are produced by centrifugal forces. 

Malhmaatically speaking, G-rashof and Prandtl numbera are 
the two Important non— din^nsional parameters which characterise the 
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type of flow in natural convectionj T^iiile in forced convectionj 
Reynolds number plays a dominant role. ItiLfferential equations for 
velocity and thermal boundary layers are coupled and coEisequently an 
interaction exists between the temperature and the velocity fields* 
m a R i D g the problem of natural convection analytically more complica— 
ted than that of the forced convection. Moreover, if there exist 
large temperature gradients within the fluid, variation of properties 
other than density, laiB, theimal conductivity and viseosily shmld also 
be taken into account to make an appropriate analytical stt^y of the 
flow. Hence, both the maaentum and the energy equatioaas have to be 
solved simultaneously in any study of the natural convection problem. 
Their solutions* however, are tedicns and complicated, if not impo- 
ssible. 

Many natural convection jhencmena are therefore investigated 
experimentally to avoid the difficulties inherent in obtaining an 
analytical solution. 

1.2 EEYIBW OP HOSVIOOS WOEK 

Inte3?est in natural convection on inclined surfaces arose cut 
of attempts to describe thermal stratification in insulated cryogenic 
propellant vessels, where a substantial amount of heat transfer lakes 
place through the bottcm of the vessel. Eich (1) made boiii local heat 
transfer and boundary layer temperature measurements in IcTOinar region 
on an inclined plate facing upwards. (Che plate, 4 - in wide, 16 - in 
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long, ” - in thick and aiade of aluminiim was heated by means of an 
electrofiUm resistance heating element. No constant voltage trans- 
fonaer was used d^lrtng the tests. Experiments were carried out in. 
an air-conditioned rocm, so that the ambient temperature could be 
maintained constant. Angles of inclination of the test plates ranged 
from 0 to 40 degrees, measured from the vertical. Rich conjectured 
theoretically that the heat transfer coefficient for an inclined 
heated plate could be treated just as for a vertical plate, if the 
gravitational term in Grashof number was altered to "the component 
parallel to the inclined surface, 

Vliet (2) made experimental study of local heat transfer 
coefficients on a constant heat flux inclined surface facing upwards. 
The plate vdaich was 4 feet long and 3 feet wide was energized by an 
electrically heated .002-in thick stainless steel sheet. The plate 
was inBuersed and tested in a constant temperature water bath. The 
boundary layer flow was two dimeiosional. To have a consistent lead- 
ing-edge condition for the whole range of plate inclinations, a 
right-angle geometry was maintained near Idae plate leadirg edge by 
at'iaching a wall perpendicular to the plate. Experiments were per- 
formed with the plate inclined at a range of argles varying between 
30 to 85 degrees with the horizontal. 

Eujii and Imura (3) nade an experimental study of natural 
convection heat transfer from a plate with arbitrary mclinatian. 
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A plate mde of brass of 30 cm length, 15 cm width and 1 can thickness 
was heated by a sheath heater of 2*3 znm diameter, which was buried 
with 6 mm pitch in a solder sheet# The main flow in the boundary 
layer was restricted to two-diinensions only# Correlaticns hare been 
presented for both the cases i.e# the inclined plate facii^ downwards 
and the inclined plate facing upwards* Eujii and Imura found that 
for the inclined plate facing downwards the wall temperature increased 
s ha-r ply with the distance from the leadir^ ®dge# This was caused 
mainly by the vaidLation of the local heat transfer coefficient and by 
the stratificaticm of the fluid temperature* The authors also cbserved 
that for the inclined plate facing upwards the wall temperature was 
far more uniform than that for the inclined plate facing doiaawards, 
because the boundary layer flow in the fomer case was susceptible to 
instability and gavQ way to turbulence. 

Black and Norris (4) studied the thermal structure of free 
convection turbulence from isothermal inclined surfaces *A Differen- 
tial interferometer Y/as used to provide flow visualizatioi and to iieasti— 

re the local heat transfer coefficients* The test assembly consisted 

2 

of an ahminium. plate 1*27 cm thick and 152 x 25 #4 aa surface area*- 
The plate was heated by ten segmented electrical heaters attached 
to the rear surface of the plate* Side barriers were placed along 
the entire plate length to prevent room air currents from distuo^ing 
the measurements* Black et al fcnmd iiiat data in the turbulent regime 
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were msensi’tive to the plate inclinaticm, anrl distance from the lead- 
ing edge of the plate. 

A comprehensive study of the effect of surface roughness caa 
friction and velocity distribution was performed by Sikuradse (s)* 

In contrast to this, very thorough and ccmplete experimental work, 
the study of the effect of roughness on. heat transfer has received 
relatively very little attenticn. 

Boelter et al (s) presented heat transfer data for a system 
in vtiich air was passed over a heated flat plate containing strips of 
metal placed normal to the directicn of air flow. !I?wo heists of 
interrupters or strips (l/8-in and 3/8-in ) were used and mounted at 
1 in pitch. These bouiadary layer interrupters acted as turbulence 
promoters. Boelter et al found that the heat transfer rates of roi^- 
ened. plates were increased from 50 to 200 percent over that for the 
flat plate alone. 

Humer (?) made an extensive study c£ ihe convective heat 
transfer to the moving air within a tube roughened artificially fran 
inside yby pushing sprirg rings into a smooth tube. The main conclu- 
sion of Hunner’s work are, however, open to question. He measured 
the velocity distribution at the exit end of Ihe experimental tube by 
means ofa:1mm diameter Pitot tube. Numer's measurements showed that 
wi’th equal Reynolds numbers the velocity profile was more dram out in 
the case of the rcxigh tube than with the smooth. Runner extrapolated 
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his results to Ihe region close to tlie wall a-n ri came to the conclusion 
that the laminar sublayer thickens as a result of surface rou^iness* 

On the other hand he took into account the pcssibility of the bireak— 
down of the la min ar sublayer on the roughness asperities, then 
taking into account all these factors came to Hie conclusicaa that the 
lamin ar sublayer was the same in both the rou^ and the smooth tubes. 

By combining the velocity and the temperature profiles on the rou^ tube 
ITunner also came to believe that the effect of surface roughness on 
heat transfer was similar to the effect of increasing the Prandtl 
number. 

Edwards and Sheriff (s) studied the effect, on Hie local heat 
transfer coefficient, of transverse wires fixed to a flat heating sur- 
face for a two-dimensional turbulent air flow, !rhe wires were of 
circular cross-section and were attached to the surface at right 
angles to Hie fluid flow. Eor a single wire to become fully effective 
in improving the heat transfer the auHiors suggest Hiat the hei^t of 
the wire must exceed about twice the lamina-r subloi'er Hiickness 
before it produces any significant effect. Its effect increases as it 
penetrates the buffer layer and it becomes fully effective 'ishen its 
height exceeds the overall thickness of the combined sublayer and the 
buffer layer. They also found with Hieir multi-wire tests, Hiat the 
improvement in heat transfer was very”peaked”* G-cmelauri (9) investi- 
gated the effect of artificial surface roughening on beat transfer 
between a wall and a turbulent flowing liquid. He carried CHit tests 
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on electrically heated tubes , roughened either by machinijag cm a lathe 
or by lead-so Meriog to ■the surface 0.68 mm nichrctae wire in the form 
of lings. The heated tubes were located axially within a circular 
channel of 33 mm internal diameter « Heat frcxa the rough surfaces 
was transmitted to the liquid flowing along -the annular channel. 
G-cmelauri developed an empirical relation by correlating his own and 
other author's experimental data to predict the mean coefficient of 
heat transfer for artificially roughened surfaces in a turbulent fluid 
stream. 

Sheriff et al (lo) studied heat transfer diaracteri-stics of 
roughened surfaces. Their test set up comprised an annixlus wi1h, an 
inner arid outer tube d iam eters cf 1— in and 2— in respectively. The 
central core of the annulus formed the heater elsaent and the inner 
surface of the annulus was the test surf ace , nominally of 1-in outside 
diameter with a wall thickness of 0.1 -in . The surface of -this heater 
tube was machined to give the square roughness elements of various 
pitch to height ratios. The roughness heights were chosen so that 
at the lowest Reynolds nmber tested the laminar sublayer would be 
of the same order as the roughness height. The range of Reynolds 
numbers studied varied frcm 10 to 10 • Sheriff et al found that 
heat tr*ansfer increased with the increase in the pitch to height 
x&'txo of roughness. They also observed that fricticc. factor increased 
■with the increase in the roughness hexght for the same pitch to height 


ratio. 
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G-owen and Smith. (1l) studied turbulent heat transfer frcm 
smooth and ro\;ghened tubes. They carried out expe 3 ?iments on an inter- 
nally roughened 2-in I.D. brass tube, 24-in long with water and 3C^ 
aqueous ethylene glycol solution passing through it. The wall of "the 
brass tube was rou^ened by tinning and then soldering a 12 mesh 
brass screen to the inside surface of the pipe. The heating section 
was made by concentrically placing the brass pipe in a 2.625-in O.D. 
copper tube and pouring molten solder in the annulus. The outside 
surface was covered with a thin layer of Teflon film and then uni- 
formly wrapped with a nichrcme ribbon resistance heater. Their find- 
ings showed that for 1he same Reynolds number, the Stanten number for 
the roughened pipes was much higher 1han that for 1he anooth pipes. 

1.3 SCORE CEF TEIE IRESMT WORE: 

In many of the industrial problems, pertaining to the design 
of thermal equipment, optimisation of the heat transfer surface plays 
an important role. The development of high performance thermal sys- 
tems has also stimulated interest in EKthods to enhance or intensify 
heat transfer from thermal devices. The performance o£ conventional 
heat exchangers can be substantially improved by a number of augnen- 
tative techniques. 

Surface roughness was one of the first technique to be 
considered seriously as a means of augmenting heat transfer. Since 
the commercial roughness is not well defined, artificial surface 
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roughness has been generally employed in testing surfaces. In forced 
convective problems several types of surface roughnesses have been 
investigated to arrive at the best configuration of the roughness, 
treating the thermal energy dissipation per unit pumpii^ horse power 
as an index signifying the efficiency of Ihe transport fhencmena. 

However, very little data are available regarding the free 
convective heat transfer frcm rou^ened surfaces. Pree convective 
heat transfer fraa several geometries such as a cylinder, a sphere and 
an inclined flat plate have been investigated both for the la min a r 
and the turbulent flow regimes. In all these cases 1iie surfaces have 
been invariably assumed to be smooth fraa the microscopic point of 
view. 

It was against thi s background , that the present study into 
the effect of artificial surface rotghness on natural convecticaa. heat 
transfer from an inclined flat plate , facing upwards ywas undertaken. 

Ihe data obtained from this investigation can be helpful in predict- 
ing the heat transfer characteristics of rou^mened flat plates 
facing upwards for cooling or heating purposes under si mi l ar and 
moderately varied conditions. 



CHAPTER 2 


THEORETICAL AKAIffilS 

Momentum and energy equations for an inclined flat plate can 
be transformed into an integro-differential form vdth the help of the 
law of continuity* The velocity and the temperature profiles can be 
obtained by postulating a suitable expi^ession for the eddy diffusivity* 
Since the mechanisms of thermal and momentum diffusion near about a 
solid boundary having certain roughiKss characteristics are not can— 
clusirely Imown, Ede (12) demonstrated that an eddy diffusivity expre- 
ssion like c/v = .4y^ H ^ ~ ®3:p (- O.OOlTy ) _] »valid for 0 5. y 1.od , 
can be utilized to predict successfully the turbulent free convective 
heat transfer fixm a vertical plate* 

Solutions to the problems of turbulent free convection flow 
have also been attempted by assuming appropriate shapes for the t^— 
peratuore and veloci"^ distributions in the free convection boundary 
layer* This approach adopted by Eckert and Jakscm (13) in their 
analysis of turbulent free convection boundary layer on a flat verti- 
cal plate has yielded satisfactory results. In 1iie present analysis 
also the same method has been used* 

Evaluation of wall shear stress poses certain problems for 
the rou^ surfaces, Eorced convective flow over rou^ flat surfaces, 
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as studied by H^ikuxadse, indicates that the frieticn. coefficient 
remains independent of the Reynolds number of the flow, but is rery 
much dependent on the absolute rou^mess factor 'e ’ . Por the case 
of the forced flow over a rou^ plate, HUcuradse, recotmnended the 
following eacpressicn for the determinaticc. of the frieticn coeffi- 
cient. 

f = (1.89 + 1.62 log S/e)"^*^ 

Similarly, Hopf (14) and Pronm (15) fwmd out that resis- 
tance to flow in rough channels (roughened by wire nets, serrated 
zinc sheets and corrugated steel) is a function of the absolute rough- 
ness factor* Ihey expressed the friction factor for a rou^ surface 

as , f = 0.01 (e/r 
w 

Such a universal character can also be anticipated for the 
free convective flow along inclined rou^ened surfaces^ Hence in l^ae 
analysis of the free convective problem also liie friction coefficient 
*f ’ could be assumed to be given by an expression of Ihe fom, 

f = a (e/5 f 

vhere a and m are two unknown constants and 5 is tiae thickness 
of the thermal boundary leper. 

By dimensional analysis for Ihe problem under consideration 
the governing system of criteria can he expressed as 

Hu = P (Or , Pr , e/6 , o) 
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CCEiSifi.3rfj3g S31 inolitied siirface as shown in Pigin^e (2,l), 



5'ig» 2,1 Inclined plate geometiy 


As the surface is inclined to the local directicn of the gravity field 
the buoyancy force causing motion has a ccmpcaient in the flow in both 
the taigential and the normal directions. 

Local buoyancy force = g 3 p(t-t 

Ccmponent of tiie buoyancy 

force in the tangential = g 3 p(t-t cos© 

directicn 

Ccmponent of the buoyancy = g 3 p(t-t sin© 

force in the normal direction 

Thus the boundary layer eq.uatians for a two dimensional flow with the 
above body force contributicns and the boundary-layer approximations 
are modified to yield 



( 2 . 1 ) 

( 2 - 2 ) 


6 


1 
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where 

^ pressure )= Total pressure (p) - Hydrostatic pressure (p^) 

Equaticaas 2,1 and 2,2 aa^e written for ccaastant Tiscosity, ji , 


Irom the boundary layer older of magnitude analysis, the 
order of the magnitude of the various terms for the generalised form 
of the equaticaas can be known. Therefore neglecting the terms of 
order of 5 (the boundary layer thickness). Equations 2,1 and 2,2 
reduce to 


u 


3u 3u 
3z ^ 3y 


2 

V + g g (t-t ) cos6 

3y ® 


1 

J. ^ 

P 3z 


(2.3) 


0 = g 6 (t-t^) sin© - ~ ^ (2.4) 

Erom equation (2,4) , the pressure term turns out to be of order 1 . 
p^ , therefore, must be of order 5 as y is of order 5 , The pre- 
ssure term in equatim (2,3) Iherefore being only of negligible order 6 
can be ignored to give 


3u 

u + V ^ 
3x 3y 


_ 1 ^ g g ) COS& 
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(2.5) 


Eor the energy equatim 
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The equation then becomes 


50 50 K a^Mv 

3?: ^ 3y oC^ 3 y ^ay 


( 2 . 6 ) 
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As 

3y 00 At 3y 
Eqixation ( 2 , 6 ) further yields. 


ax ay 
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pCp A1 3y 


Prcffli the contitiuity equation 
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3 x *^37 = ^ 


A. 3 u 
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■we get 

Equation (2.5) on integration gives 
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Also equation (2.7) on integration becomes 
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(2.8) 
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(2.9) 
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9x 


6 


/ ^''0 3 y = 
0 


PC AT 
P 


( 2 . 10 ) 


To solve equations 2.9 and 2.10 the velocity and the temperature dis 

trihutians may be taken as given by the followirg equations respec- 
tively, 

^ = (y/0‘'/'^(l -y/5 ( 2 , 11 ) 

^ =It^) = (2.12) 

o co' 


Equations (2.9) and (2.lo) in view of the assimed velocity and tem- 
perature profiles get reduced to the foUowicg forms 


•'^53 “ 8 ■^ + g3 6 at cose 


i. 

3x 


.0732 ;rr (u, 5) = — ^ - 
1 pC AT 
P 


(2,13) 

(2.14) 


Shear stress at liie wall- x = ou^ f/2 

» w ^ 1 ^ 


From Reynolds analogy, 




w 


C AT 
_£ 


Pr 


-2/3 


Substituting the above expressions for x^ 9^ in equaticns 

2.13 and 2,14 give 


3 2 2 

.433 ^ (u^ 5 ) = _ 8 f/2 + g 6 aT d cos© 

•'1-33 (u^ 5) = - 4 u^ f + g 3 AT S cos© (2.I5) 

.0732 (u, « ) = ^ (2.16) 

The friction factor f , the arbitrary velocity function u^ 14ie 



'boundary layer "thickness S may respec"ti"vely be represen'ted, by "tiie 
expressions given below 
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f = a (e/6 )' 


,ni 


n 


u. = c. X , 6 = c„ x^ 


Subs'bi'tu'ting "the above expressicos in'to equa"tiais 2»15 2»16 we ge"t 

. 2 2n m 

-4 C- X a e 


.433 (2n + p) z^n+p-l 2 ^ 1 

1 2 III 


ra mp 
^2 ^ 


+ g 0 oosQ 


(2.17) 


.0732 (n + p) 0^ = I 



n m 
X a e 

mp 

X 


... (2.18) 


As the above equations 2,17 and 2,18 must be valid for any arbi"fcrary 
values of Xy "bhei^f ore y "ths' exponents of x on eiidier side of the above equa- 
tions must be identical. 

Therefore 


2n+p-1 = 2n-mp=p 
n+p-1=n-mp 
which gives 

ana n = 1/2 

Substituting the above values of p and n into equations 2,17 and 
2,18 and solving for o^ and c^ we get, 

1 /( 1 -®) 


r 13.66 (l-wi) m_-2/3~l 
=2' |_ ^ 
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Heat flow from the wall is given by 


q^=hAI= -SL-E e,-2/3 


Therefore , h = — - • E, 


h 


avg 



I 

f h dx 
0 



Miltiplying and dividirg by p 
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Hu 


Substituting 


Eu 


T/^ere 


A 


X- .pdSi p^-2/3 ^2 " ri’+ml^ 

, m (. 34 m) V ■“ 


for and we get. 


(l- m) a e 1/3 


ggAf cos6 Ii'' 


r ‘^55 (24m) 4 (W -p^ 2/5-| 

^ O-iST ^ 13«66 


r-VCl-m) 


Z 


m 


E 


Xts } 

&-ia) p 

13 


433 ( 2 -Hii) 4 

( I’-mr 13 


4 ( 34m ) 

.66 (l-m) 


- fV2 

Pr"/5 1 „ 

_1 a e 


.66 (I 4 B 1 ) 
(34111) 




-I iE /( l4m ) 


Er 


X PrV3 ^1/a ^W(I-) 
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M 


.433 124m) J, (l4^ 2/5 

_ (14^ 13.66 (l4iii) 


-,- 1/2 


1 /(l 4 -m) 


X Pr 


^ 13.66 jl-tm) 
(l+ 3 m)/ 3 ( 1 ^®) 


iV^(l 4 ia) 



CHAITER 3 


3.1 EXEERIIEKTAI. APmSAIDB AED IRSTEUiEHTAIICS 

The test specimen ccaaprised a rectangular alianinim plate, 

65 eni long , 31 on wide and 1 .2 cm thick, The plate was heated hy sir 
heating rods placed in an equal number csf 1 cm wide semi-circular 
grooves, 65 cm long, cut along the back of the test plate, yrith a pitch 
of 4,4 cm. Eor miTrimia-ing the heat losses fraa the rear of the test 
plate a guard heater was employed. The guard heater, which was similar 
in detail to the main heater, was covered by two insulating sheets of 
asbestos 0.8 and 0,5 cm thick. Sandwiched betvreen the guard heater 
and the main heater are two asbestos sheets of 0,8 can thickness. The 
above units were assembled and bound together by a nut and bolt arrange- 
ment jprior to being placed in a wooden bar type case filled with glass 
wool, to keep down ihe losses from the back of the test plate. With 
this arrangement only the test surface of the plate and a aaall porticaa 
from the sides was left open to ambient environment. The ¥h.ole assembly 
was suspended from a slotted angle frame fitted with castor wheels. 

To obtain different orientations to the vertical of Ihe test plate for 
purposes of experimental investigation a system was improwised which, 
consisted of three eye bolts and a irTire rope ainangement. The three 
eye holts were fastened to the back of the test plate ,and were used 
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"to suspend "tiie assembied besi; specimen froa. "the slobied angle frame 
in addition to obtaining the desired inclinations of the test plate 
to the vertical. 

Temperature of the test surface was measiiied with the help 
of twenty seven 30 SW Chrcoel-Aluniel thermocouples. To attach the 
thermocouples to the plate surface the following technique was adop- 
ted. Three mm diameter and 11.5 mm deep holes were drilled in the 
plate froa its back face and thermocouple hot juncticaa beads were 
placed in the holes and fixed into position with the help of Sauereisen 
number DW-30 cement (a quick setting, electrically insulating but heat 
conductirg cement). Figure (3.1.1) shows the details of the thermo- 
couple locations. Two thermocouples B and B * were attached to the 
either side of the asbestos insulation separating the guard and the 
main heaters ,to monitor the temperature difference betireen 1iie two 
faces yWith a view to exercising an effective control over 1iie back 
heat losses from Ihe plate. The arrangement can be seen in Figure 
(3.1.2), Temperature of the sides of the plate was indicated with 
the help of another seven thermocouples. 

The test specimen were roughened artificially by stretching 
Fsnal 1 diameter wires (18 and 16 gau^) across the test plate width 
along its entire length. To hold the wires in position and in good 
thermal contact with the plate surface the following procedure was 
employed. Strips of wood .5 cm thick, 2.5 cm vride and 70 cm loaog 
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were nailed to sides of the wooden bcoc containing the test plate 
assembly. Ihe vd.res were then wound arround the nails fired to the 
sides cf the test plate assembly. To maintain good thermal contact 
between the mres and the test sui-face Hie wires were bent along iiie 
sides of the test surface for a short distance and glued to the sides 
with Iraldite. This method also ensured that the pitdi of wires t^s 
unif om* The pitch to height ratio for both the roughnesses was the 
same. 

Stabilized A.C . ^employing a servo-controlled single-jiiase 
voltage stabilizer wi1h an accuracy of 0.1 percent was used to 
energize both the heaters viz. the mai n and the guard. The supply 
was controlled with the help of two auto-transformers and the energy 
input was recorded by means of a wattmeter with an accuracy of ^ 1^. 

The temperature difference between Ihe themocouples B and 
B' was maintained within .25 C and controlled by regulating the elec- 
tric input to the guai^i heater. Thermoccu.ple readings were measured 
with a millivolt potentiometer (leeds and Northrup, Bo. 8686). The 
potentiometer was comiected to various thermocouples through a madier 
of selector switches. The circuit diagram for themocouple connections 
is shown in Pigure (3.1.3)* 

The test plate was mounted in a system, which besides allow- 
ing -the plate to be held at any desired inclination to the vertical, 
as menticned earlier, also permitted the test plate to be moved in 
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and out of the optical zone of the schlieren apparatus for flow visua- 
lization purposes. For correct and accurate orientations of the test 
plate a 12-inch spirit level and a vernier protractor of 1 minute 
accuracy were used as and when required. 

3.2 SCHHEREH lElHOD 

3,2.1 Introduction 

Numerous methods are available to visualize the flow past 
models under test. These include the use of tufts, smdce, and oil 
film placed on the surface of the model, and the vapour-screen and 
tuft-grid techniques for observing the vortex pattern behird the 
model. Among these techniques the Schlieren method is most extensively 
used in high speed and slow speed boundary layer flows, as well as in 
natural and forced convection heat transfer studies. 

This method gives a picture cf the flow, caused by changes of 
refractive index, due to density variations in the flow past the model. 
The 3 ?efraGtive index, n, of the gas is related with sufficient accu- 
racy to its density, p , by the equation 
n - 1 = K> P 

where K* is a constant for a particular gas and for a particular wave- 
length of light. For air, the equation can be conveniently written 
as 

n - 1 = K’ P / ^0 , 
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p 

where 0 is Ihe densi"by ai normal 'temperature and ixressure. The 
factor k' is dimensionless, and for air, varies between .000290 and - 
,000298 for the visible light spec-trum. 

If in the working section, there is a gradient of feftactive 
index normal to the li^t rays, the rays will be deflected as the 
light travels more slowly vdiere the refractive index is laiger as given 
by the equation; 

G = C /n , 
va'^ ’ 

G^^ being "1416 velocity of light in vacuum. The deflecticn of light 
rays is a measure cf the first derivative of densi'ty with respect to 
distance i.e, the density gradient. The variation of refractive index 
gradient normal to -the rays will differ,so "that 1hey will ccaoverge or 
diverge , giving increased or decreased illiminaticgi on the screen. 

In iiiis work the schlieren technique has been used to visua- 
lize flow pattern on a heated roughened plate facing upwards and in- 
clined at angles of 0, 10 and 45 degrees "to the vertical. The me'fehod 
yields a qualitative picture of the -various regicsns of densi'ty charges 
in a fluid flowing past a model, 

5*2,2 Arrangement cf the Apparatus 

The apparatus used for "tihe present work is shown in Figure 
(3.2.1), The light source, S, is placed at the focus of concave mirror, 
, so -that the working section is illumina-ted by a parallel beam of 
ligh t. A plane mirror, , has been introduced into 'the path of tte 
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beam between S and to fold the 31ght beam. A second concave 
mirror j IS/^ j placed beyond the working section, produces an image of 
the source in its focal plane , K, and there the knife-edge is intro- 
duced. Again the second plane mirror, , is used to fold the beam 
emerging from the mirror, 

3.2.3 Apparatus Setting 

Ihe procedure for setting up the schlieren system is simple, 
but depends to some extent on the nature and arrangement of the appa- 
ratus and on the type of flow vshich is to be observed. Par the pre- 
sent work with the above described arrangement, the following proce- 
dure was adopted. 

The first adjustment that is made is to locate the light 
source, S, at the focus of the first mirror, M^. The mirrcir P^, is 
adjusted such that the beam of light emerging from S and received by 
it, is directed towards the mirror to fill its aperture ccmpletely. 
Uow the mirror is adjusted with the help of screws attached at 

its hack to direct a parallel beam of light -through 1he working section. 
To facilitate the location of S at focus of mirror a plane mirrcfr 
is held between, and so as to redirect -the beam of light back 
alorg its path, from to P^, and then to S. An imgge of S is "thus 
obtained, very close to the original source. If the size of the image 
is "the same as that of the true source, one is sure -ihat S is at -the 

1 * 


focus of mirror M, 
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Ihe second mirror, is next morved laterally or vertically 
until it is filled by the parallel beam emerging frcm the working 
section, and is rotated until the light, reflected fraa it, is received 
by the plane mirror, ^hen the mirror P^is adjusted to direct the 

beam of light through the knife-edge asseiably* 

The knife-edge is now inserted in the focal plane of second 
mirror and is adjusted until the screen darkens as uniformly as possible 
■?dien the knife-edge is traversed across the Image of the Id^t scxnxe. 
The knife-edge is then so set that a certain fraction of the image of 
the source is cut off, How the apparatus is ready for the visualisar- 
tion of flow patterns around the model introduced into 12ie working 
section. 

3,3 BKIEEIMBHTAl ISOCEIlOEE 

The test plate assembly is suspended by wires frcm the mobile 
slotted angle iron frame. The wire ropes are connected to the test 
assembly through an adjustable hook and eye bolt arrangement. The 
desired inclinaticn of the test plate to the vertical is obtained by 
adjusting the lengths of the wire ropes as shewn in figure (3,5,1 )• 
Hext the power is switched on to the main and the guard heaters and 
the plate is allowed to reach a steady state ecnditicn. Steady state 
condition is thou^t to have been reached 'ftien the charge in tempera^ 
ture of the plate surface is within 1 C per hour. To keep down Hie 
heat losses from the back side of the heated plate to the minimum tte 
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difference between the readings of the themocouples B and B ' sattached 
to the either side of the asbestos insulation jsepara ting the main and 
the guard heaters, as mentioned earlier, is maintained as anall as possible. 
Since there is no a priori way of knovvdng what combination of elec- 
trical inputs to the two heaters viz*, the main and the guard, would 
make the readings of thermocouples B and B’ very nearly identical the 
method adopted for this purpose had to be cme of trial and error. 

It took nearly 6 to 8 hours for the test plate assembly to 3 ?each 
steady state conditions. Once the steady state is reached the readings 
of all the indicating instruments namely, millivolt potentiometer, 
wattmeter and thermometer are recorded. 

The ranges of various inclinations frcm the vertical, sur- 
face conditions and power dissipations for vdiich experiments were 
carried out on the test plate assembly are given in Table 1* 

For flow visualization purposes the test specimen under 
various conditions of inclination and surface roughness were examined 
on the schlieren apparatus. The schlieren photographs are shown in 


Figures 3 .3 . '2 and 3 . 3. 3. 








(a) e = 0* , to=M4''e 
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Sable 1 


e 

in degrees 

Raiige of q ia 
watts for the : 
SEiooth plate 

Range of q ia vsatts 
for the rou^ened plate 
with 18 gauge wires 

Rar^ of q in 
watts for the 
roughened plate 
with 16 gai;^e 
wires 

0 

27 - 158 

26 - 156 

60 - 218 

10 

j 

39 - 120 

56 - 162 

35 - 176 

30 1 

11 - 119 

29 - 193 

51 - 213 

45 

16 - 99 

26 - 195 

40 - 225 

60 

53 - 141 


92 - 255 

90 

29 - 116 

: 

1 

34 - 220 

70-206 




CHAPTER 4 


4.1 EESHiaiS Aim DIBCUSSIOH 

4.1.1 Temperature Distribution of the Test Plate Surface 

ligure ( 4 . 1 . 1 ) shows the temperature distribution of tlE 
smooth plate for the horizontal, inclined (0 = 45**) aM 1he vertical 
orientations. Figures (4.1.2) and (4.1,3) give the temperature 
distribution for the rou^ plates, rou^ened with 18 and 16 gauge 
wires, respectively. 

The temperature around the middle of the plate is slightly 
higher than that towards the edges. The variaticn in the surface 
temperature is , however , within + 2 percent of the average teapera!- 
ture of the surface. The surface of the plate is, therefore, assianed 
to be isothermal, 

4.1.2 Schlieren Study 

The schlieren photographs, for the vertical and the inclined 
positions of the heated roughened plate, with 18 gauge wire, are 
shown in Figure (3,2.2), The temperature of the plate for all the 
three cases is maintained at 114 0. The boundary layer iiiicloaess 
is seen to increase with increasing distance frcia the leading edge. 
With increasing inclination of the test plate to the vertical, the 
boundary layer is, however, observed to decrease. 
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Distance from the leading edge, mm 
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Fig.4*l 3 Temperature distribution over the ro- 
plate surface with 16 gauge wire 
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Figure (5 *3* 3) ^ovss the schlieren photcgrapiis far the ver- 
tical and the inc line d orientations of the roughened plate using 
16 gauge wire. The boundary l^er thiclcaess is, as usual, seen to 
increase along the length of the plate, but in comparisan wilh "fee 
18 gauge roughened plate it is observed to be relatively thinner. 

This obviousiy results in increased ■i;heat dissipation from the test 
plate. This effect of enhanced heat transfer due to reduced Hdck- 
ness of 1316 bcaindary layer is observed to be true for all the incli- 
nations of the 16 gauge roughorKSd plate to the vertical. 

4.1.3 Belation Between Average Ifiisselt Mmiber and 
Average Eaylei^ Humber 

To correlate the experdmental data for the smoolh inclined 
plate an expressicn of the form Hu = C (Sa cos©)^ has been considered. 
The value for the exponent r is taken as 0.25»as recomnended by 
Fuji! {3), Based on this value of r and, the data ctotained frcm 
the experiments, the magnitude of constant C in the above equaticsi 
'is? evaluated. The expression for the correlation Uaus developed 
•i^ as follows. 

Hu = 0.77 (Ha cos©)°*^^ 

Figure (4 .1 *^)through(4.1 . S )^ow the variation of Hu T8 Ha cc©© 
for different inclinations of the smooth and the roiJ^ened plates. 

For 13ie inclined smooth plate the slope of the lines passing throu^ 
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■th.e "tesl: points for the various angles of inclination is found to he 
0,33. This agrees well with the findings of Pujii (3), 

'Far the inclined roughened plates the slope of the lines 
passing throu^ the data points for vario^ inclinaticaas is seen to 
he 0.5) which is higher th^ that realized for the smooth inclined 
plates. This magnitude of the slope is further found to be in com- 
plete confonaity with the value predicted by the integral method 
analysis, as presented in Chapter 2, To solve Bq,. (2,19) for the rou^- 
ened plates, the value of m is asstaned to be 0,514, as suggested by 
Hopf (14), With this value of m, tte value of a is computed for 
various inclinations and roughnesses of the test plate. 

An attempt has been made to correlate the e3:perme3atal data 
obtained from both the roughened plates and ihe coirrelaticaa is shown 
in Figure (4.1, 10), The figure gives 1he variation of Ea coe0 vs Hu, 
With i'nox'®o«-ir\g uC Ra cosQ the Husselt number is found to 

increase, vdiich means that inci^aaea temperature difference, between 
tlie plate surface and the ambient surroundings, results in an enteuicP'’ 
heat dissipatim from the test plate, OJhe heat loss is aio'j' cfoservsd 
to increase with the increasing angle of innlinatim. 

4,2 COirOIDSIOlIS 

(1) It is observed that ihe tuxbul«:it fxco ccOTSctive beat 

transfer rates fron smooth inclined plates can be considerably 
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enhanced by artificially roughening the plate surfaces* The 
augmentation to the free convective heat transfer due to 
surface aoughness in the present inveslhgatiaa is found to 
be of the order of 35 percent. 

(2) In all the cases studied it was cfesorved that the bouraiary 
layer is thinner at the "leading e(^e and thicker at the 
trailing edge* It was also found that the boundary layer 
thickness decreases wi1h ihe increase in heat tiransfer* 

(3) The test results also show that natural convection heat 
transfer fraa roughened inclined plates faeixg upwards can 
be predicted by the correlation Hu = 0.105 v,Ea cos©) 
within an accirracy of + 4 percent. 

(4) natural convection heat transfer from an inclined snioolti 
plate facing upwards can be evaluated by using tte corre- 
lation 

Hu = 0.77 (Ha coe©)®*^^ 

However, it is seen ‘Shat the average heat transfer coefficients 
yielded by the above proposed relation are 6.5 percent higher 
■than 'that given by Pujii^s (3) correlation. The higher heat 
transfer coefficients ebtained in the present investigatim 
oan be explained by "the fact that the flow is not res— 
■fcricted to a 2-dimensi(nal configuration, since 'the pla'fce 
is- open to flow from all sides. 
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(5) Pree cornrection heat transfer is found to obey the 5/4 power 
relation, that is q 

G 

4*3 SGOiffi PCSR PlITUHE WCEK 

Since the escpe’inmental results fraa the above study cover only two su 

8 9 

face roughnesses and Grashof numbers between 10 to 10''^, the scope 
of the present study is limited. It is therefore essential and 
desirable to extend the range of application of the above proposed 
correlaticai to include large Grashof numbers. 

T o achieve greater accuracy ,the experiments can be carried 
out on an optical instrument pj.l<e a differential interferaaeter , 
and the flow restricted to 2-diinensicns by attaching optical glass 
walls to the test plate sides along their lengths, Ifith the help of 
an interfejxsBeter it would also be possible to staidy the effect of 
surface roughness on the local heat transfer coefficient. 



EEBEEESCES 


1. B.R. RICH; A 21 InvestigaticQ. of Heat Transfer Irom an Inclined 
Plate in Rree Convecticn, G HAMS ^lE , Yol, 75. 1953« pp» 489 » 

2, (x.E. VIIET; Ratural Correction Local Heat Transfer on Ccaastant 
Heat Flux Inclined Surfaces, TRAIiS. ASZE, Yol« 910 « 1969« 
jB£s_511. 

3'. TEOISTJ POJII MD HIHEAKL IMJRA; Hatural Corwecticn Heat Transfer 

Prcm a Plate Wilii Arbitrary Inclinatim, Int« J« Heat and Ifess 
Trargfer* Yol. 15« 1972, pp. 735 « 

4* W,Z, BIACK AED J.K. ICEffilS; The Thermal Structure of Free 

Convection Turbulence Prcia Inclined Iscftheimal Surfaces and 
Its Influence on Heat Transfer, Int.J« Heat and Jfess Transfer , 
Yol« 18t 1975 « PP. 43 » 

5. ‘ J.!JIKDRAB^} Laws of Plow in Eo*^ Pipes, YBI-Poxscihungaheft 

361, Series E, 4 (1933), EACA TM 1292, 1950 . 

6, L.M.E. BCEHTER, &.YOIJH&, Y.D. SA1IDE^,M. MD M.L. 

GBEENPIEIiD;Ex;periiBental Determination of Thermal and 
Hydrodynanical Behaviour of Air Plowing Alcsag Plat Plate 
C ontaining Turbulence PrcsEoters , HAGA Rep» 2317, 1931 » 


52 


7. W. MJHHER; Heat Transfer and Pressure Drop in Hough Tubes, 

T.D.I. lorschungsheft 455, Suppleiuent to Porschung anf dem 
Oebiete des Ingenieur - lesens, H. Tol. 22, 1956, pp. 5. 

P.J. EMiftEIB AHD 03ie .Hea.t Transfeip.'and'Prijc^Loii 

Oharacteristics for Pcrced Convecticn Air Plow Over Pasrticuler 
Type of Eou^ Surface, Intematicaaal Derelopcients in Heat 
Transfer ISm l^t III. Paper 45 ^ 1961, pp, 415 . 

9* V. (xOlEIADEI ; The Influence cf Artificial Ecxigjiness cn 

Convective Heat Transfer, Int» J« Heat and Mass Transfer i 
Yol. 7, 1964, pp. 655 . 

10. H. SHEEIPPi P,- GDMIEY-AJip J. PEAMIE ; Hea#. .Trspsfer CPd&raeteqciatijCS 

of Eou^ened Surface, Chem, Proc» Engg. Yol» 45 < 1964. pp» 624* 

11* E.A. G08BH; J.W. SMITH; TuaAiulent Heat Txamfer from SmooUi and 

Eou^ Sttrfaces, Int» J« Boat c~ "I F^is s T r ansfer Yol« 11— 2 « 1968« 

PP. 1957« 

12, A«J, ElE; Advances in Free Convecticai, Advances in Heat Transfe r, 

Academic Press Yol, 4, 1967 . 

13'. E,S.E.&. K3SEET AHD T.W, JAKSOHj Analysis of Turbulent Pree 

Convection Boiniary layer on Plat Plate, SACA Eep, 1015, 195'^. 

14. D.Z. HOS*; Angew, Ma-fo, Y, Mech. Yol, 3. 1925, PP. 529 . 

K.Z. PEOMM; Angew, Math. Y. Mech. Yol. 3. 1923. PP. 359 . 


15'.' 



53 


16* MAX JACCB ; Heat Transfer 7ol. 1, John Mley and Scaas, Hew 
York pp, 567. 

17* HEEMAM SCHUCHDIHG ; Boundary laver ghecrrv. McGraw-jllll. 

Hew Ycaak, pp» 551. 

18. ROESEHCW AHD HARTZHTO!; Hand Book a£ Heat graa^fer . l&^raw^ill, 
Hew York. 

19. KOmHDAEAMAH AMD SUBRAMAHYAH; Heat and Mass gramfer Data 
Book, Wiley Eastern, Pvt. Ltd. India. 

20, JAMES KHUBSEN AHD IX3HALD KAIZ; Eluid I?ynaBBU.es and Heat 
transfer , MsOraw-Hill , Hew York, pp. 174. 

21, BBHJAMIH (S1BHAE3?? Heat Transfe r, Tata McGraw-Hill, Bou&ay, 
pp. 361. 



APHiSDH-A. 


THEEMDCOUPIE CAIIBBATiaj 

Iheimocouple is an important, accurate and stable temperature 
measuring device with rapid response and low maintenance cost. It 
consists of two dissimilar electrical ccnductors eitiier or bolii of 
viiich may be pure metals, alloys or non-metals, haring a caamon Junc- 
tion ^ere the conductors are in good thermal and electrical contact. 
Common types of thermocouples are copper-cxnstantan, ir cn-constantan, 
chromel— alumel etc. and their selection for a particular use depends 
upon various factors like I'ange of temperature measuremenrs needed 
and the type of atmosphere surrounding the measuring Junction. Por the 
present worfo chrcaiel-alumel thermocouples have been chosen. 

Sfeasurement of temperature by means of thermocouple is based 
on 1iie simple fact that ^en two Junctions formed by two dissimilar 
craaductors are maintained at different temperatures, a small electro- 
motive force is generated in the circuit, the magnitude of which depends 
upon the temperature difference between the Junctions. Every thermo- 
couple bears a certain relationship between the temperature difference 
of the two Junctions and the electrcQotive force generated in Ihc cir- 
cuit* 

The simplest thermocouple circuit arrar^ement is shown in 
Pigure A— 1 . One of the junctions called the cold Junction (or tin 
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FIG. A-1 THERMOCOUPLE CiRCUl 
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reference junction) is maintained at a fixed known temperature (usually 
ice point) j and the other junction known as the hot juneticn is inserted 
into the unknown temperature bath* IQie thenaocouple may be leogthened; 
to remove the effective cold junctim fraa the influence of the heated 
zone either by adding compensating leads made frcm materials identical 
to those of the thermocouple or by forming a thermocouple pair of 
similar emf characteristics over the range at temperature to i&ich "fee 
ends of 14ie compensating leads are likely to be exposed. A sensitive 
and accurate millivolt potentiometer may be used to measure the 
generated in the circuit and by using the relationship between the 
temperature difference between the two junctions and 1iie oaf deve- 
loped in a particular thermocouple , the unknown temperature is calcu- 
lated. 

The temperature-eraf relationship of a thenaocouple depends 
upon the type of metals used, (in the manufacture of thermocouples it 
is inevitable that some impurities will be present in quite appreciable 
proportions). Moreover, this relationship depends upon the ways in 
which the junctions are made and the type at lead wires used for 
connecting the thenaocouples to the emf measuaring device. Therefore, 
whenever high accuracy is desired, proper calibration of thermocouples 
is necessary. 

Since all the thermocouples used in the experiment are drawi 
from the same lot, are of equal lenglh and have the saiae length and 


to 
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size of copper extension wires it is decided to calibrate only Hai-f of 
them. 

The hot junction of themocouple is placed in an electrically 
heated^ temperature controlled, and stirred water bath. A standard 
mercury-in-^lass thermaaeter graduated in of a degree is used 

*fco jjadica'te the hath temperature % !I!he thermocouple enf xs measured 
with a leeds and lorthrup millivolt potentiometer^ A number of read- 
xngs ar^ taken by maintaining the water bath at various temperature 
levels* 

To maintain 1he cold junction of thermocouple at ice point 
an equilibrium solnticn of crushed ice and distilled water is taken 
into a thermos flask* IV cm time to time ice is added and the mixture 
is stirred Ihoroughly by means of a glass rod to ensure it solution 

o 

temperature of 0 G • An accurate thenacmeter is also inserrted inlK> 
the cold juncticm themos flask to daeck the cansta 33 cy of tempera- 
ture of melting ice inside it* The calibration curve is shown in 
figure A-2. 



aph;h]>ii b 


lor the calculaticsn of Busselt number an estmate cf heat ta^ans- 
fer is necessary and this can be achieved by carrying out a heat 
balance analysis* There are two modes of heat transfer in the system, 
i) heat lost by convecticn 
ii) heat lost by radiation. 

Convective heat transfer rate from the test surface is cal- 
culated by the subtraction of radiation loss from liie surface tqgeitffir 
with the total losses from the sides from the emrgy input to the 
mn-in heater. The bacljward loss is neglected because of the guard 
heater arrangement. 

If a is the heat transfer from the test surface due to 
^c 

convectxcaa alone, then 

% = J V = - 1 Ji 

h Ii 

Therefore , Uu = ‘ 

The radiative heat loss from the sides being very small is 
neglected. However, -foe convective heat loss frcaa Ihe sides, does 
not exceed 4 percent of total povrer inisit to the main heater. 
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Calculatian of Orashof Uumber 

Average temperature of the test 
plate surface 

Ambient temperature 

Mean fi!lm temperature 

Temperature of the room isall 


o 

= 144 C 
= 32.9“c 
= 88.25''c 

O 

= 33 C 


Eropeirties of air at the mean film temperature 

K =.024 Kcal/iirHm-°C 
Er =.7 

'27=21,9 X lo”^ m^/sec 

^ 9.81 X 111.5 X (.65)^ I 

— 2 

361.25 X (21.9) 

=12.25 X 10® 

Ra=Gr X Er 

8 

=12.25 X .7 X 10 
=8.575 X 10® 


Calculation of Russelt Hquiber 

Heat input ^ Heat lost by convection from the test plate + 
Heat lost by radiation from the test plate + convective heat loss 


from, the sides 
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Heat lost by radiation from test plate, 

whe3re a = 4.9 2 10”® 

^a = -05 

= 4,9 I .31 X .65 X .05 fe)"* - 
= 10.5 Kcal/lir 

Since the heat lost fran the esrposed side surfaces of the test plate 
is found to be of the order of 4 percent of the energy input to the 
main heater, therefore the total heat lost from 1he sides is ccmimted as 
follows 


= ,04 I (.226 Z 860) 

= 7,8 Kcal/hr 

q = 195 - 10.5 - 7.8 = 175.7 
c 

„ _ 176.7 z .65 

Ti;6rz73Tr^rru5T~^024 


= 221,24 


